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. 
INVESTIGATION OF MECHANICAL PROPERTIES OF CHROMIUM, 

CHROHIUM-RHENIUM, AND DERIVED ALLOYS 

A. Gi lber t  

GUENCHED-IN DEFECTS I N  Mo-35Re 

INTRODUCTION 

Experiments performed i n  an e a r l i e r  phase of t h i s  program showed 

t h a t  a major e f f e c t  of high rhenium additions t o  molybdenum was t o  modify 

the  preferred s l i p  plane. 

on {llO] planes, both (1121 and (1231 s l i p  planes were observed i n  Mo-35Re. 

In  order t o  shed fu r the r  l i g h t  on the  mechanisni underlying t h i s  modification 

of the  s l i p  plane, some approach i s  necessary which i s  sens i t i ve  t o  the  way 

i n  which rhenium a f f e c t s  various physical propert ies  of the l a t t i c e .  

was considered t h a t  such information could be derived from a study of the 

In b r i e f ,  whereas molybdenum s l i p s  exclusively 

It 

f ac to r s  a f f ec t ing  the formation and s t a b i l i t y  of quenched-in vacancy c l u s t e r s  

i n  molybdenum and molybdenum-rhenium alloys., s ince previous experiments per- 

formed on a wide range of face-centered cubic (fcc) metals and a l loys  quenched 

frciz d.zse t o  the melting point have been a r i ch  source of information on the  

fundaL.&ental propert ies  of the  fcc  l a t t i c e .  Examples of such information a re  

as follows: 

1. The re la t ionship  between the  type of vacancy c l u s t e r s  
and the  s tacking-faul t  energy of the metal. 

It has been found experimentally t h a t  severa l  types of 

l a t t i c e  defects  may be produced i n  quenched and aged metals and 
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a l loys  supersaturated with vacancies, Materials of low stacking-  

f a u l t  energies frequently produce three-dimensional te t rahedra 

cons is t ing  of s tacking f a u l t s  on t h e  {111] planes such a s  those 

seen i n  A u ( ~ )  and Ni-Co alloys.  Aluminum and aluminum a l loys ,  on 

the  o ther  hand, with a higher  s tacking-faul t  energy, produce two-  

dimensional loops of various kinds. By control led aging s tudies  

a l l i e d  t o  e lec t ron  microscope observations,  i t  is  possible  t o  make 

estimates of s tacking-faul t  energies f o r  a l loys  exhib i t ing  e i t h e r  

type of defect.  

2. The crystal  plane on which vacancy loops condense. and 

(3) 

t h e i r  Burgers vector.  

In  f c c  mater ia ls ,  loops condense on Ell11 planes with 

In i r r ad ia t ed  body a a an - <110> o r  an 

centered cubic (Bcc) materials,  however, loops with Burgers vectors  

of all> and a l s o  a <loo> have been observed on {110] planes. 

I n  both f cc  and bcc mater ia ls ,  a pa r t i cu la r  configuration is chosen 

so a s  t o  minimize the  energy of the  defect.  

thus poin t  t o  the  parameters which a r e  the most important i n  de- 

all> Burgers vectors .  L 

a ( 4 )  
L 

Such observations can 

termining this energy. 

3. The binding energy of a vacancy to  a so lu t e  atom. 

A type of defec t  known a s  a h e l i c a l  d i s loca t ion  can be 

formed when d is loca t ions  i n  the screw o r i en ta t ion  absorb vacancies. 

Such he l ices  a r e  found t o  be most s t a b l e  i n  a l loys ,  and the  s t a -  

b i l i t y  of t h i s  type of defect i s  thought t o  be a function of the 

binding energy between a vacancy and a so lu t e  atom. (5) 
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In  bcc metals, however, u n t i l  very recent ly  there  was no evidence 

from e i t h e r  annealing s tudies  o r  transmission microscopy t h a t  high vacancy 

supersaturations could be qnenched-in., Part of the reason for this may 

be t h a t ,  i n  general ,  bcc mater ia l s  have much higher melting points  than fcc.  

This makes it  d i f f i c u l t  t o  achieve a s u f f i c i e n t l y  high quenching r a t e  t o  pro- 

duce the  necessary supersaturat ion of vacancies, s ince  the amount of heat 

which must be rapidly d iss ipa ted  from the quenched sample increases with the  

annealing temperature. 

melting poin t  (1453'C), there i s  a s  yet  no good evidence tha t  vacancy c l u s t e r s  

Even i n  n icke l ,  a fcc  metal with a moderately high 

have successfu l ly  been quenched-in. 

( 6 )  Another contr ibut ing f ac to r ,  a s  pointed out by Gregory , may be 

tha t ,  while f o r  fcc  mater ia l s  t he  energy of vacancy formation Ef and of 

movement E 

estimated t o  be c lose r  t o  4 : l .  

a r e  roughly i n  the r a t i o  3:2, the  ratio Ef:E, for bcc metals is m 

Thus, vacancies a r e  r e l a t i v e l y  much more 

mobile a t  a given temperature i n  bcc mater ia ls  than in  f cc  and quenching 

experiments correspondingly more d i f f i c u l t .  In addi t ion,  because of the  

r e l a t i v e l y  high formation energy, the  o r i g i n a l  equilibrium vacancy concen- 

t r a t i o n  a t  t he  annealing temperature may be much lower than fo r  t he  fcc  

metals. t 

Fina l ly ,  i f  the concentration of vacancies i s  i n t r i n s i c a l l y  low i n  

bcc mater ia l s ,  it may well be t h a t  the conunonly observed i n t e r s t i t i a l  i m -  

pu r i ty  l e v e l s  of 10 t o  1000 ppm can t ie  up and e f f ec t ive ly  prevent c lus t e r ing  

of the  thermal vacancies generated. 

t The thermal vacancy concentration, c y  a t  temperature, T, i s  given by 
-Ef /kT 

c = e  0 
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(7) Despite these d i f f i c u l t i e s ,  however, Lawley, Meakin, and Koo 

have successful ly  quenched pure molybdenum s ing le  c r y s t a l s  from 2600°C t o  

produce a high supersaturat ion of vacancies a t  room temperature, which on 

annealing a t  400°C agglomerated t o  produce loops. 

The relevance of the  preceding discussion t o  t h e  present program 

i s  t h a t  one of the o r i g i n a l  hypotheses advanced t o  explain the bene f i c i a l  

e f f e c t  of rhenium addi t ions t o  the  d u c t i l i t y  of the  Group VI-A t r a n s i t i o n  

metals was the  e f f e c t  of rhenium i n  changing the  s tacking-faul t  energy. 

Now t h a t  i t  i s  known t h a t  vacancy defects can be quenched i n t o  molybdenum, 

the  development of a technique f o r  quenching vacancies i n t o  Mo-35Re would 

perhaps p e r m i t  a comparison t o  be made between the  s tacking-faul t  energy 

of molybdenum and t h a t  of Mo-35Re. Furthermore, it has been observed i n  

another phase of the  Integrated Chromium Alloy Program t h a t  p rec ip i t a t ion  

k i n e t i c s  i n  Cr-35Ke a r e  very much slower than i n  pure chromium. ( 8 )  

para t ive  quenching experiments i n  molybdenum and Mo-35Re should show whether 

o r  not t h e r e  i s  a p re fe ren t i a l  binding between the subs t i t u t iona l  so lu te ,  

rhenium, and vacancies which could explain t h i s  k i n e t i c  e f f ec t .  F ina l ly ,  

it has been observed t h a t  Mo-35Re prefers  d i f f e r e n t  s l i p  planes t o  those 

of unalloyed molybdenum. In  t h i s  context, i t  would be i n t e r e s t i n g  t o  know 

whether vacancy loops a l s o  prefer  t o  condense on d i f f e r e n t  planes i n  moly- 

bdenum and Mo-35Re. Thus, a study of vacancy-annealing processes by t rans-  

mission e lec t ron  microscopy could be a powerful tool i n  explaining the  

mechanism underlying seve ra l  e f f e c t s  already experimentally ve r i f i ed  i n  

e a r l i e r  phases of t h i s  program. The present report  describes a preliminary 

attempt t o  examine the  f e a s i b i l i t y  of developing the  appropriate techniques. 

Com- 
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EXPERIMENTAL PROCEDURES 

Because of the known d i f f i c u l t i e s  involved i n  quenching bcc 

materials, i t  i s  des i rab le  t o  s t a r t  with a s  few vacancy s inks (random 

dis loca t ions ,  d i s loca t ion  networks, o r  grain boundaries) a s  possible  and 

a l so ,  i n  order  t o  minimize immobilizing in t e rac t ions  between i n t e r s t i t i a l s  

and vacancies, t o  use  a s  pure s t a r t i n g  mater ia l  a s  possible.  In  addi t ion,  

i n  order  t o  a t t a i n  a s u f f i c i e n t l y  high cooling r a t e ,  quenching specimens 

should be i n  the  form of sheet.  

Accordingly, shee t  samples were prepared by cross r o l l i n g  1 / 2 0  

inch lengths of 1/8-inch-diameter Mo-35Re rod donated by the  Chase Brass 

and Copper Company. Sheet thicknesses i n  the range 10 t o  20 m i l s  were 

employed. 

i n  a hydrogen atmosphere a t  temperatures i n  the range 2100 t o  2300°C, i n  

order  t o  produce some degree of pur i f ica t ion .  

approximately 1 inch long by 1 / 2  inch wide, were then slowly heated up i n  

a tantalum-element furnace t o  temperatures  i n  the range 2400 t o  25OO0C, 

keeping the  vacuum b e t t e r  than 2 x loo4 mms of mercury. Specimens were 

annealed a t  t h e  maximum temperature for  periods from 5 t o  20 minutes, and 

then were quenched i n t o  l iqu id  t i n .  

mechanically or by suspending the  quenching sample and a small  tungsten 

weight by a 5- t o  l o - m i l  wire of Mo-35Re, which c rep t  t o  f a i l u r e  a t  a 

temperature c lose  t o  i ts  melting point. 

After  ro l l i ng ,  samples were annealed f o r  periods of 2 t o  8 hours 

Sheet quenching samples, 

The specimens were dropped e i t h e r  
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After r e t r i e v a l  from tile molten t i n ,  the  sheet samples were 

cleaned (from remaining t i n )  i n  hydrochloric acid, and t h i n  f o i l s  were 

prepared f o r  transmission microscopy by e l e c t r o l y t i c  d i sso lu t ion  i n  

alcohol and su l fu r i c  acid. "lie f o i l s  were mounted i n  a t i l t i n g  holder 

and examined i n  a Siemens Elmiskop LA. 

EXPERIMENTAL RESUIllS 

The grain s i zes  produced by the annealing treatment p r i o r  t o  

the  quench were general ly  very f i n e  (of t he  order of 0.2-mm gra in  diameter), 

r e f l e c t i n g  the  grea t  d i f f i c u l t y  of grain growth even at temperatures close 

t o  t h e  melting point. 

p a r t i c u l a r  specimen, t he re  were many instances of d i s loca t ion  networks 

inhomogeneously d i s t r ibu ted  within the  grains,  and a l s o  on occasions a 

f a i r l y  high densi ty  of random dislocations.  This, unfortunately, provides 

a la rge  number of grain-boundary sinks t o  which vacancies can d i f fuse  

during t h e  quench. Nonetheless, i n  sp i t e  of these f a i r l y  severe r e s t r i c -  

t i o n s  on w h a t  might be expected, evidence was obtained t h a t  vacancies had 

I n  addition, depending on the exact h i s to ry  of a 

been quenchedLtn.- "This evidence was i n  t h e  form of h e l i c a l  dis locat ions,  

examples of which are presented i n  Figures 1 and 2. 

Figure l (a )  shows an example of a s t ab le  he l ix  at the  l e f t -  

hand side of t h e  f igure,  and p a r a l l e l  t o  it, severa l  rows of d is loca t ion  

loops which were probably produced by degeneration of hel ices .  

i s  v i s i b l e  a t  the right-hand s ide of the f igure.  

examples of loops and he l ices  i n  another area of t he  same f o i l .  

A twin  

Figure l ( b )  shows 

Figure 2(a)  
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shows an area containing shor t  left-handed and right-handed he l ices  similar 

t o  those observed i n  aluminum by Westmacott, e t  al."), and Figure 2(b) shows 

rows of aligned loops. 

I n  d i f f e ren t  areas of one grain i n  t h i s  pa r t i cu la r  f o i l ,  he l ices  

were observed w i t h  axes lying along three d i f f e ren t  (111) direct ions.  

i s  consis tent  with dis locat ions having a {111] type Burgers vector  s ince 

he l ices  a r e  formed by the absorption of vacancies by screw dis locat ions,  

and t h e  Burgers vector of a screw dis locat ion i s  paral l -e l  t o  i t s  length. 

No d i r e c t  determination of Burgers vector has yet  been made. 

s e r i e s  of photographs and associated d i f f r ac t ion  pa t te rns  showed out-of- 

contrast  loops under 2-beam conditions consis tent  with an {OOl] or [111] t n e  

.Burgers vector, but not a {llO) type Burgers vector. 

This 

However, one 

The loops v i s i b l e  i n  Figure 1 l i e  on {llO) planes. The projected 

loops i n  Figure 2 however a re  su f f i c i en t ly  close t o  being c i r cu la r  t h a t  it 

i s  d i f f i c u l t  t o  determine the  major and minor axes. 

type planes s a t i s f y  the  geometrical considerations within experimental error .  

One {1l2] and two {llO') 

M SCUSSION 

The loops and he l ices  shown i n  Figures 1 and 2 are thought t o  

be t h e  first examples of such defects  observed i n  quenched bcc materials.  

The observation of he l ices  rather than loops (as observed i n  unalloyed 

molybdenum) may be a r e s u l t  of a d i f fe ren t  quenching temperature as an 

a l loy  e f fec t .  

t i o n s  a r e  formed where the  annealing temperature has been t o o  low t o  

It has been observed i n  f c c  materials tha t  h e l i c a l  disloca- 



- 8- 

produce a su f f i c i en t ly  high vacancy supersaturation f o r  a more homogeneous 

loop nucleation t o  occur. (lo) Alternatively, hel ices  a re  a l so  formed i n  

a l loys having a high binding energy between a vacancy and a solute  atom. (5) 

Unti l  a more complete investigation into the  e f fec t  of quenching t e n p e r a t u e s  

on quenched-in defects has been made, it w i l l  not be possible t o  dis t inguish 

between t h e  two poss ib i l i t i es .  

The purpose of t h e  preliminary experiments described i n  t h i s  

report w a s  primarily t o  invest igate  t h e  f e a s i b i l i t y  of using t h i s  type of 

quenching experiment t o  study the  effect  of rhenium on vacancy cluster ing 

i n  molybdenum. This has c lear ly  been established. Experiments planned 

f o r  t he  fu ture  w i l l  investigate the  e f fec t  of pre-quench annealing tempera- 

tures and post-quench aging temperatures on the  type of defect observed. 

AG:tam 
September 15, 1965 



a. (15,OOOX) 

i 

b. (30,OOOX) 

FIGURE 1. HELICAL DISLOCATIONS AND DISLOCATION LOOPS 
IN QUENCHED AND AGED Mo-35Re 



a. (30,OOOX) 

FIGURE 2. HELICAL DISLOCATIONS AND DISLOCATION LOOPS 
IN QUENCHED AND AGED Mo-35Re 



REFERENCES 

1. A. Gilbert, F i f th  Yearly Progress Report, "Investigation of Mechanical 
Properties of Chromium, Chromium-Rhenium, and Derived Alloys", Contract 

J. Silcox and P. B. Hirsch, Phil. Mag., - 4, 72 (1959). 

NO. NASW-101, HS-180 

2. 

3. P. B. Hirsch, J. Silcox, R. E. Smallman, and K. H. Westmacott, Phi l .  M a g . ,  
-' 3 897 (1958). 

4. 

5. 

6. 

7. 

B. L. E;yre and R. B. Bullough, Phil. Mag., ll, 31 (1965). 

G. Thomas, Phil. Mag., i, 606, 1213 (1959). 

D. P. Gregory, Acta Met., 11, 623 (1963). 

J. D. Meakin, A. Lawley, and R. C. Koo, App. Phys. Letters, 2, 133 
(October, 1964) . 

8. M. J. Klein, "Nitrogen-Induced Internal  Fr ic t ion i n  (2-35 at.$ Re", 
AEC Contract W-7405-eng-92 (November, 1964) . 

9. K. H. Westmacott, D. Hull, R. S .  Barnes, and R. E. Smallman, Phil. Mag., 
2 4 1089 (1959). 

l0. G. Thomas and M. J. Whelan, Phil. Mag., i, 511 (1959). 


